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7.15 Ϯ 0.46 to 6.13 Ϯ 0.46 l/min (7) . Importantly, this decreased cardiac output was redistributed, resulting in normal blood flow to the brain and several other vital organs (14, 16, 17, 21) . Despite continued hypoxic conditions, the basic mechanisms that account for successful acclimatization and normal blood flow to the brain are not known.
The carotid arteries have been shown to be crucial for the regulation and maintenance of cerebral blood flow (CBF) (10) . Especially with increased circulatory demand, studies have demonstrated a significant hydrostatic pressure gradient from carotid to cerebral arteries, presumably to prevent the exposure of delicate cerebral arteries to excessive pressure (4) . Along this line, it is well established that much of the change in systemic blood pressure results from vasomotion (dilation or contraction) in the large arteries that supply the brain (18) . Thus, a considerable body of evidence suggests that carotid arteries constitute valid resistance vessels and are vital for the regulation of CBF. Moreover, failure of carotid arteries to regulate effectively the pressure of blood reaching the delicate cerebral arteries may result in their rupture with hemorrhage. In response to long-term hypoxia (LTH), a possible adaptive mechanism could be a shift in the structure and/or composition of carotid arteries favoring larger diameters with increased dilation and reduced hydraulic resistance. We have discovered that LTH had no significant effects on an average artery wall thicknesses or water content (23) . Importantly, unstressed inside diameter of the major carotid arteries was significantly greater in normoxic than hypoxic sheep (21) . Furthermore, we observed significant alterations in the protein content of the carotid arteries with LTH exposure (23) . These findings suggest a substantial changes in vascular gene expression in response to LTH.
In an attempt to explore the mechanistic pathways of successful acclimatization responses, we tested the hypothesis that high altitude-associated LTH leads to changes in gene expression of critical signaling pathways in ovine carotid arteries. In the present report, we used custom ovine oligonucleotide microarrays and signaling pathway analysis to identify changes in the gene expression and the pathways involved in LTH acclimatization.
PaO2 ϭ 60 Ϯ 5 Torr) at White Mountain Research Station, Bishop, CA, for 110 days (n ϭ 4 in each group). Ewes were obtained from Nebeker Ranch (Lancaster, CA). To avoid variability due to sex and nutrition, we conducted studies on the carotid arteries from female sheep, and both oxygenation groups were fed alfalfa pellets ad libitum. Both normoxic ewes and those acclimatized at high altitude were transported to the Center for Perinatal Biology at Loma Linda University, the latter of which is a ϳ6 h trip. Shortly after the sheep were brought to the Center, a tracheal catheter was placed in the ewe, through which N 2 flowed at a rate adjusted to maintain her PaO2 at ϳ60 Torr, i.e., that at high altitude (17, 21) . At the time of experimental study, ewes were euthanized with an overdose of the proprietary euthanasia solution Euthasol (100 mg/kg pentobarbital sodium and 10 mg/kg phenytoin sodium; Virbac, Ft. Worth, TX). In vitro studies were performed in isolated carotid arteries cleaned of endothelium, adipose, and connective tissue. Tissue collection and microarray processing. Ovine carotid arteries were cleaned of adventitia, and the endothelium was denuded in a phosphate-free balanced salt solution (BSS) of the following composition (mM): 126 NaCl, 5 KCl, 10 HEPES, 1 MgCl 2, 2 CaCl2, 10 glucose, pH 7.4 (adjusted with NaOH). Complete endothelial removal was confirmed by confocal microscopy. Following cleaning the tissue was snap-frozen in liquid nitrogen and kept in a Ϫ80°C freezer until further analysis. Ovine oligonucleotide microarray was obtained from Agilent Technologies (Santa Clara, CA), and we conducted analysis by utilizing commercial services of GenUs Biosystems (Northbrook, IL). In brief, arterial tissue samples were lysed in Tri-reagent (Ambion, Austin, TX), and total RNA was isolated by phenol-chloroform extraction followed by purification over spin columns (Ambion). The concentration and purity of total RNA were measured by spectrophotometry at optical density 260/280, and the quality of the total RNA sample was assessed with an Agilent Bioanalyzer with the RNA6000 Nano Lab Chip (Agilent Technologies). Labeled cRNA was prepared by linear amplification of the Poly(A)ϩ RNA population within the total RNA sample. In brief, we reverse-transcribed 1 g of total RNA after priming it with a DNA oligonucleotide containing the T7 RNA polymerase promoter 5= to a d(T)24 sequence. After second-strand cDNA synthesis and purification of double-stranded cDNA, in vitro transcription was performed with T7 RNA polymerase. The quantity and quality of the labeled cRNA were assayed by spectrophotometry and the Agilent Bioanalyzer.
We fragmented 1 g of purified cRNA to uniform size and applied it to Agilent Sheep Gene Expression Microarray, 8 ϫ 15K (Design ID 019921, Agilent Technologies) in hybridization buffer. Arrays were hybridized at 65°C for 17 h in a shaking incubator and washed at 37°C for 1 min. Rinsed and dried arrays were scanned with an Agilent G2565 Microarray Scanner (Agilent Technologies) at 5 m resolution. Agilent Feature Extraction software was used to process the scanned images from arrays (gridding and feature intensity extraction), and the data generated for each probe on the array were analyzed with GeneSpring GX v7.3.1 software (Agilent Technologies). Annotations are based on the Agilent eArray annotation file dated January, 2010.
Pathway/network analysis. Each gene was annotated/checked manually with National Center for Biotechnology Information Blast Search, Unigene, Entrez, or other databases. Genes with no known sequences for Ovis aries were annotated if Ͼ90% sequence homology was identified with Bos taurus. We then analyzed the annotated genes with Ingenuity Pathway Analysis Program (IPA; Ingenuity Systems, Redwood City, CA). IPA downstream effects analysis was utilized to predict increases (activation) or decreases (inactivation) in downstream biological activities occurring in the tissues being studied. This analysis is based on prior knowledge of expected effects of gene upregulation or downregulation on a particular biological process stored in Ingenuity Knowledge Base (studies indexed in PubMed). The analysis examines how many known targets of each transcription regulator are present in the user's dataset and also compares their direction of change [i.e., expression in the experimental sample(s) relative to control] to what is expected from the literature in order to predict likely relevant transcriptional regulators. If the observed di- http://physiolgenomics.physiology.org/ rection of change is mostly consistent with a particular activation state of the transcriptional regulator ("activated" or "inhibited"), then a prediction is made about that activation state. For each potential transcriptional regulator ("TR") two statistical measures, an overlap P value and an activation z score are computed. The purpose of the overlap P value is to identify transcriptional regulators that are able to explain observed gene expression changes. It is calculated by Fisher's exact test, and significance is attributed to P values Ͻ 0.01. The primary purpose of the activation z-score is to infer the activation states of predicted transcriptional regulators. The basis for inference are relationships in the molecular network that represent experimentally observed gene expression or transcription events and are associated with a literature-derived regulation direction that can be either activating or inhibiting. However, genes can be modulated by several upstream regulators with possibly opposing effects, and it is not known which will dominate in a particular system. Therefore, we take a statistical approach by defining a quantity (z-score) that determines whether an upstream transcription regulator has significantly more activated predictions than inhibited predictions (z Ͼ 0) or vice versa (z Ͻ 0). Here, significance means that we reject the hypothesis that predictions are random with equal probability.
Hypoxia inducible factor-1␣ response element analysis. To examine the presence of hypoxia inducible factor-1␣ (HIF1␣) binding site in the upregulated and downregulated genes in response to LTH exposure, we analyzed the 1800 base pair upstream to the transcription start site for the presence of HIF1␣ response element (HRE) sequence (5=-A/GCGTG-3=).
Real-time PCR validation. To validate the results of the microarray analysis, we chose APOBEC2, Bcl2-associated athanogene 2 (BAG2), and suprabasin. Also, we examined ERK1, ERK2, and HIF1␣ genes, which did not show significant change with LTH. Using the same probe sequences as those on the microarray chip, we designed primers with the use of Primer 3 web-based software (http://frodo.wi.mit.edu/ primer3/). The primers were synthesized by Integrated DNA Technologies (Coralville, CA). Total RNA (1 g per reaction) was reversetranscribed with the Quantitect reverse transcriptase kit (Qiagen, Valencia, CA). Relative expression was normalized to 18S RNA, and fold-changes were calculated by the ⌬⌬Ct method with normalization of individual PCR efficiencies (28) . Samples were analyzed on the Roche LightCycler 1.5 (Roche, Indianapolis, IN).
Western immunoblot validation. As noted, ovine carotid arteries were cleaned of adventitia, and the endothelium was denuded in a phosphate-free BSS of the following composition (mM): 126 NaCl, 5 KCl, 10 HEPES, 1 MgCl2, 2 CaCl2, 10 glucose, pH 7.4 (adjusted with NaOH). The arteries were homogenized with a tissue grinder in ice-cold cell lysis buffer (Cell Signaling Technology, Danvers, MA), as described previously (8) . Protein concentrations were measured with a protein assay kit (Bio-Rad Laboratories, Hercules, CA), and bovine serum albumin was used as a reference protein standard. A Mini Trans-Blot Electrophoretic Transfer Cell system (Bio-Rad Laboratories) was used to transfer proteins from the gel to a nitrocellulose membrane at 100 V for 3 h. We then performed an overnight incubation of subtype specific primary antibodies (1:500 dilution) for c-MYC, myelin basic protein (MBP), and BAG2. We used total ERK and ␣-smooth actin as an internal control for equal protein loading, as well as the blocking peptide for each subtype-specific antibody as a negative control. All antibodies and peptides were obtained from Abcam (Cambridge, MA). The membrane was then incubated in the secondary antibodies obtained from LI-COR Biosciences (Lincoln, NE) for 45 min. The protein bands were detected with the Odyssey Infrared Imaging System (LI-COR Biosciences). Measurement of capillary density. Frontal lobe segments at specific coronal and sagittal planes cortex were sliced to 10 m with a Leica Cryostat (Leica Microsystems, Buffalo Grove, IL). The slices were fixed by 4% paraformaldehyde, and the capillaries were stained with FITC-conjugated lectin from Bandeiraea simplicifolia (Griffonia simplicifolia). Tissue sections were then sealed on microscopic slides with Vectashield mounting medium containing DAPI (H-1200; Vector Labs, Burlingame, CA). The capillaries were imaged by use of an Evos florescence microscope (Life Sciences Technologies, Grand Island, NY). Images were analyzed with the ImageJ software (NIH), and the capillary density was measured as counts/unit area normalized to the nuclei/unit area.
Statistics. The raw intensity data from each gene were normalized to the 75th percentile intensity of each array to compare individual gene expression values across arrays. Only those genes with values greater than background intensity for all samples within each group were used for further analysis. Differentially expressed genes were identified by twofold change and Welch t-test P values Ͻ 0.05 between each treatment group and its age-specific normoxic control. Statistical significance in the real-time PCR data was determined by one-way analysis of variance and post hoc Newman-Keul test.
RESULTS
To determine the molecular mechanisms involved in LTH acclimatization responses, we sheltered sheep at high altitude (3,801 meters) for 3.5 mo. At this elevation, we observed that sheep arterial blood oxygen partial pressure fell from 95 to 100 Torr to 55 to 60 Torr.
In response to high-altitude LTH exposure for 110 days, in these sheep carotid arteries, we observed increased expression of 58 genes (Ͼ2-fold, P Ͻ 0.05; Table 1 ) and reduced expression of 58 genes (Ͼ2-fold, P Ͻ 0.05; Table 2 ). Importantly, HRE was present in 44 and 40 upregulated and downregulated genes in response to LTH. Next, we conducted a functional pathway analysis to identify the major gene pathways altered with LTH acclimatization. Most of altered genes were those associated with cellular movement, growth and proliferation, and angiogenesis. To examine the extent to which LTH is indeed associated with increased angiogenesis, we also examined capillary density in frontal cortex of control and LTHacclimatized sheep. As shown in Fig. 1 , there was a significant increase in frontal cortex capillary density in LTH-acclimatized sheep.
Next, we conducted a network analysis of the different pathways to examine if there are common downstream canonical signal transduction pathways that link these various functional groups. As shown in Fig. 2 bioinformatic analysis suggests activation of MAPK canonical pathways, with significant inhibition of the PTEN and RAF1 signaling cascade. However, ERK1/2 mRNA were unaltered in the microarray analysis as well as by real-time PCR (data not shown).
To explore the possibility that ERK1/2 mRNA does not change but that there is a significant increase in the activation of these molecules, we examined the phosphorylated levels of ERK1/2 in carotid arteries of control sheep and those acclimatized to LTH. As shown in Fig. 3A , we observed a significant increase in phosphorylated ERK1/2 with LTH acclimatization in the sheep carotid arteries. There was no increase in total ERK1/2 levels. Similarly, Fig. 3B demonstrates a significant increase in the levels of phospho-AKT with no change in total AKT in response to LTH in ovine carotid arteries. Importantly, to elucidate the regulators that can produce a similar change in gene expression profile, as produced by LTH acclimatization, we examined upstream regulators by IPA. We observed that LTH-associated changes in gene expression resemble those genes activated by lipopolysaccharides (Fig. 4) .
For Western immunoblot validation, we chose genes with moderate changes in gene alterations; these were MBP and C-myc from upregulated and BAG2 from downregulated genes. As demonstrated in Fig. 5 , the protein levels correlated well with the microarray expression data. Also, we observed no significant difference in the protein levels of HIF1␣ with LTH (Fig. 6) .
For PCR validation we chose genes with moderate expression, and these correlated well with the values observed by microarray analysis (Fig. 7) . Real-time PCR analysis demonstrated upregulation of APOBEC2 (5 Ϯ 1.3-fold) and suprabasin was upregulated 6.1 Ϯ 0.9-fold. ERK1, ERK2, and HIF1␣ showed no significant changes as a consequence of LTH according to either real-time PCR or microarray analysis. Also, BAG2 showed 6.3 Ϯ 0.4-fold downregulation on LTH exposure with real-time PCR.
DISCUSSION
LTH is a complex problem and an important factor associated with a multitude of physiological and pathological conditions. With acute hypoxia, one of the initial changes is an increase in blood supply to the vital organs including the brain. As hypoxia continues, the blood flow returns to the normoxic basal levels; however, the mechanisms of this response are not known.
In the present study, we have identified a number of genes up-and downregulated by prolonged hypoxia that may play a Fig. 4 . Genes known to be altered by lipopolysaccharide that were found to be altered in the present study as a consequence of LTH. The color red represents the upregulated genes, and green represents the downregulated genes. Orange and blue represent the activated and inhibited pathways, respectively, based on the Ingenuity Pathway Analysis. Yellow lines denote that the observed activation state was opposite to the activation state predicted by the available literature. Gray lines denote insufficient available data to predict activation state between the 2 molecules. , and Bcl2-associated athanogene 2 (BAG2) (C). Relative IDV was determined by dividing densitometric value of the test protein with that of total ERK. *P Ͻ 0.05.
critical role in the acclimatization response. We observed a significant upregulation of the cytokine IL-18 with LTH exposure. Importantly, studies have demonstrated that IL-18 can induce angiogenesis through phosphorylation of the SRC and JNK pathway (1) . Also, bone morphogenetic protein 4 (BMP4) was upregulated, while activin A receptor was downregulated. This correlates well with a study demonstrating that activation by activin inhibits angiogenesis (15) . Similarly, activation by BMP4 can lead to increased angiogenesic responses (29) . With LTH, we also observed a significant upregulation of immortalization upregulated protein-2 (IMUP-2) as has been shown in previous studies (12, 13) . Although we do not know the role IMUP2 upregulation plays in carotid arteries, it is known to be upregulated in cancers. Thus, it also may play a role in hypoxia-induced angiogenesis. Similarly, MBP was upregulated as a consequence of LTH, which agrees with other studies demonstrating an increase in MBP with ischemia (5) .
Importantly, with IPA we observed a significant LTHinduced activation of the pathways involved in angiogenesis (Tables 3 and 4) . Also, with LTH we observed a significant increase in the capillary density in sheep brain. Furthermore, to elucidate common moieties that may be activated by functional pathways, we conducted a network analysis. We observed that AKT and ERK1/2 are the common downstream molecules that can be activated by several of the LTH-activated pathways. Upon further examination, we observed a significant increase in the phosphorylated levels of both these proteins in response to LTH exposure. Additionally, other studies support these findings that AKT and ERK play an important role in cell survival and angiogenesis (20, 31) . On upstream bioinformatic analysis, we observed that lipopolysaccharides can produce changes in gene expression profiles similar to that observed in the present study. Lipopolysaccharides are well known to induce angiogenesis, and it appears that angiogenesis is a critical component of LTH acclimatization. Importantly, lipo- polysaccharides are also known to mediate their effect through ERK1/2 (6) and AKT (24) signaling pathways. A limitation of many studies that investigated transcriptomic changes to LTH is that they were conducted on in vitro cell lines away from their normal environment of the tissue within the organism. However, we found few in vivo studies that have demonstrated changes in gene expression that vary with how different tissues experience hypoxia within the organisms (2, 11, 19, 30) . In one such study (2), mice were acclimatized for 32 days to hypoxic conditions that simulated altitudes of 1,400, 3,000, and 4,500 m, and microarrays were conducted on liver tissue. Similar to our observation, this study demonstrated that HIF1␣ was not elevated, and the angiogenesis pathway was significantly upregulated. Moreover, on comparing the genes with altered expression in response to LTH, we observed significantly different sets of gene alterations with studies in liver (2), lung (19) , and heart (11, 30) . Even though different genes were activated in different organs, each study demonstrated that HIF1␣ levels were normalized with LTH exposure, and MAPK pathway activation was one of the major findings. Surprisingly, in the present study Ͼ70% of the altered genes have HRE. Thus, HIF1␣, which is vital in the acute phase of survival under hypoxic stress, may be responsible for some epigenetic changes that keep these genes altered even when its own levels return to the basal state. However, further investigation are needed to elucidate the mechanisms of LTH-induced gene regulation in the absence of HIF1␣.
In an earlier study, we examined the effect of LTH on gene expression in fetal carotid arteries (9) . In contrast to the present findings in the adult carotid arteries, LTH in fetal carotid arteries was associated with significant activation of AKT and Bcl2 signaling pathways. Moreover, a completely different set of genes were altered in fetal carotids compared with adult carotids in response to LTH. Thus, it appears that LTH leads to differential regulation of genes based on maturational age as well as tissue examined.
Speculation and Perspective
Exposure to the stress of LTH occurs in a number of disorders such as heart and lung disease, chronic anemia, bone marrow disorders, and other diseases. Acclimatization to such a stress is critical for organismal survival and well-being. The present study demonstrates that LTH acclimatization is associated with activation of several genetic pathways, including those involved in angiogenesis. Moreover, the present and previous studies demonstrate that although important in acute hypoxic acclimatization, HIF1 may not be the major pathway involved in LTH acclimatization. Furthermore, these studies suggest that the LTH response differs in the specific tissue or maturational age examined. Thus, one should focus on the canonical or functional pathways altered rather than the individual genes involved. We speculate that individuals who fail to acclimatize to high altitude-associated LTH may benefit Cell proliferation 1.52E-06 ABI1, ACVR1, AEBP1, ALDH1A1, APOA1, B3GNT2, BCL6, BHLHE40, BMP4, CD82, CRIP1, CRYAB,  CXCL14, DCN, EGR1, ELN, ESR1, F3, FDFT1, FOLR2, FST, GFRA2, GJA5, IER3, IL18, IL6ST, LAPTM5,  MAPRE2, MBP, MSX2, MYC, NPDC1, NPY1R, NQO2, OXT, POMC, PRKCD, PTN, SIRT3, SOCS2, TOB1,  UCHL3  Cell necrosis  7.33E-04 ALDH1A1, APOA1, BCL6, BHLHE40, BMP4, CD200, CES1, CRYAB, DCN, EGR1, ESR1, F3, FDFT1, FST,  GFRA2, IER3, IL18, IL6ST, 
